Recent researches have demonstrated the applicability of using Global Positioning System (GPS) techniques to precisely determine the 3-D coordinates of moving points in the field of natural hazards. Indeed, the detailed analysis of the motion of a landslide, in particular for a near real-time warning system, requires the combination of accurate positioning in three dimensions (infracentimetric) and fine temporal resolution (hourly or less). The monitoring of landslides with the GPS is usually performed using repeated campaigns, as a complement to conventional geodetic methods. Continuous monitoring of landslides with GPS is usually not performed operationally, mostly because of the cost of such a system compared to conventional deformation monitoring techniques. In addition, if GPS measurements can reach a millimetre-level accuracy for long observation sessions (typically 24 h), their accuracy decreases with the duration of the observation sessions, because of errors introduced by variations of the satellite constellation and multipath effects at the sites. This study aims at determining the experimental accuracy of GPS measurements for the continuous monitoring of landslides with GPS. In particular, we want to calibrate the variation of the measurement accuracy as a function of the duration of the observation sessions. The study was carried out on the Super-Sauze earthflow (Southern Alps, France) which evolves in a channelized flow with surface displacements reaching a few tens of centimetres to a few metres per year. The GPS data were acquired during two campaigns in May and October 1999 (two reference stations were installed outside the flow and four ''moving'' stations distributed on the flow). The maximal 3-D cumulative displacement reaches 2.1 m during 3 weeks in May 1999. The accuracy for a 1-h session reaches 2.7, 2.2 and 5.0 mm for the north -south, east -west and vertical components, respectively. The detectability threshold for a significant motion and a given temporal resolution stands between 3.5 mm/24 h and 8.5 mm/h in planimetry, between 6 mm/24 h and 19.5 mm/h in altimetry. Thus, the motion of the flow is clearly detected by the GPS measurements and the results have been compared with those obtained with conventional geodetic methods (theodolite and electronic distance-meters) or with a wire extensometer device. In addition, combination of periodical topometric measurements, continuous extensometric and GPS measurements allows us to identify seasonal and episodic transient variations in the surficial velocity of the flow. The analysis of the relationships between rainfall (and snowfall), groundwater level, and displacements permits us to understand the behaviour of the flow and to determine pore water pressures (PWP) thresholds initiating an acceleration of the movement. GPS therefore appears applicable to the continuous monitoring of geophysical objects or of man-made structures with small and slow displacements ( $ 5 mm/day). This technique does not require direct line of sight between the ''moving'' sites and the reference stations. Measurements can be carried out in all weather and at night. GPS processing can be performed in near real time without loss of accuracy. The use of GPS is, however, limited by the environmental characteristics of the geophysical object (mountains, vegetation), which can constitute masks limiting the visibility of the sky and create multipaths effects. D
Introduction
Techniques of positioning on various time and space scales have made a lot of progress in the last decade, in particular in the field of geomorphological mapping, or in the realization of Digital Elevation Model (DEM) by numerical photogrammetry (Girault, 1992; Miyazawa et al., 2000; Weber and Herrmann, 2000) , radar interferometry (Fruneau et al., 1996; Mohr et al., 1998; Singhroy, 1998; Kimura and Yamaguchi, 2000) or by Global Positioning System (Fix and Burt, 1995; Higgitt and Warburton, 1999) . These new technologies present attractive and quick solutions, usable in any type of morphological configuration and provide data easily integrable in a Geographical Information System (GIS) format, with resolutions between tens of metres to centimetres. If these methods are today commonly adopted for mapping, less attention has been paid to the potential use of these techniques, and in particular to GPS, for the continuous monitoring of geophysical entities such as landslides or man-made works. Any surveying network must provide reliable information on the evolution of the phenomenon to the responsible authorities, which may have to take quick decisions for the safety or the evacuation of people and property. Therefore, this information will have to be transmitted in near real time to a decision center and should be easily interpretable.
After providing an overview of the main methods applied to the survey and the monitoring of landslides, and using the Super-Sauze earthflow as an example, this article has the following objectives:
(i) to demonstrate the difficulties for the establishment and the conservation of ''traditional'' displacement surveying network by point topometric measurements and continuously by a wire extensometer; (ii) to provide useful information on the respective accuracy of these techniques, taking into account the precautions of implementation, use and operating modes; (iii) to evaluate quantitatively the contribution of continuous GPS for the fast detection of small displacements.
To evaluate the potential of GPS measurements to combine spatial accuracy and temporal resolution, a methodological study was carried out with the aim of determining the experimental accuracy which is possible to reach while calibrating, in particular the variation of the accuracy as a function of the duration of the observation sessions. A number of studies of the statistical properties of GPS measurements have shown that the formal error derived from the inversion of phase data underestimates the true measurement accuracy by a factor ranging up to 11 (Zhang et al., 1997; Mao et al., 1999) .
The GPS results are compared with the results obtained by topometry and extensometry measurements. These results lead to the determination of optimal processing strategies and argue the advantages and disadvantages of GPS measurements for continuous monitoring, with the aim of considering a device adapted to a near real time warning system. The results of this study are applicable to the continuous monitoring of the deformation of active volcanoes or of man-made works. Moreover, the detailed analysis of the 3-D ground displacements in relation to hydroclimatic conditions makes it possible to release first results on the complex conditions and rates of behaviour of the Super Sauze earthflow.
Methods and techniques for the monitoring of landslides
It is useful to recall, although not in an exhaustive and historical manner, the methods, techniques and operating modes applied to landslide monitoring and the technical progress accomplished in this field for two decades. All around the world, several unstable sites are instrumented according to devices adapted to the intensity of the phenomena considered (rockfalls, cliff collapses, debris flows, earthflows) and to the induced risks. In France, examples are the La Clapière landslide (Follacci, 1999) , the Ruines de Séchilienne landslide (Rochet, 1992) , the La Valette earthflow (Colas and Locat, 1993) , and on the southern coast of England, an example is the St. Catherine's Point landslide (Bromhead et al., 1988) . Morphological mapping and the survey of ground movements can be carried out in two ways according to the scale considered. The first consists of analysing and comparing various types of documents (topographic maps, aerial photographs, cadastral maps, DEMs) which represent instantaneous views of an unstable site on various dates. It enables to reconstitute the historical development of the phenomenon on scales ranging from the 1:10 000 to the 1:1000 (EPFL, 1985a; Engel, 1986; Maquaire, 1990; Martin and Weber, 1996; Powers and Chiarle, 1996) .
The second consists in carrying out in situ measurements of the surficial displacements by combining a space and time resolution adapted to the evolution speeds of the phenomena.
Within this framework, a large variety of techniques has been used (Table 1) to follow the movements of unstable slopes (Krauter, 1988; LCPC, 1994a; Mikkelsen, 1996) . Fissurometers or short-base extensometers have been used to record the distance variations between ''moving'' points or the opening of cracks on rock escarpments (Gulla et al., 1988; Evrard et al., 1990) or on man-made structures (LCPC, 1994b) . Tacheometric levels, theodolites, distancemeters and geodetic stations make it possible to measure continuous slope displacements by the survey of ''moving'' targets. Terrestrial or air stereophotogrammetry provides the 3-D coordinates of ''moving'' points and leads to the realization of morphological maps and especially the generation of DEMs and cross-sections along the unstable slope (Oka, 1988; Weber and Herrmann, 2000) . Conventional geodetic techniques (triangulation, tacheometry) and extensometry techniques (Angeli et al., 2000) remain to be the most commonly used because it is Table 1 Overview and characteristics of the main methods in monitoring surficial displacements and their precision (EPFL, 1985a; LCPC, 1994a; Gili et al., 2000) possible to reach an accuracy of a few millimetres on short baselines of less than a kilometre. The Global Positioning System (GPS) is a satellite positioning technique used largely in geophysical research, in particular for the measurement of active crustal deformations (Dixon, 1991) . The use of the phase measurements makes it possible to determine the relative positions of points located as far as several hundred kilometres apart with an accuracy of 1 -2 mm in planimetry and 5-10 mm in altimetry. This accuracy allows the fast detection of weak displacements and, thus, the survey of the temporal evolution of natural hazards (volcanoes, tectonic faults and landslides). The GPS equipment has become progressively less expensive, lighter and easier to use. New operating modes, methodologies and software have been developed for the data recording and post-processing. GPS is thus increasingly used in a large variety of applications, such as establishment of control points for photogrammetry or remote-sensing applications, positioning of drillings, coastline evolution, or DEM generation.
In the field of surveying, GPS precise applications were progressively conceived and developed in the early 1980s. The positioning of the Positron of the CERN (European organization for nuclear research) was checked by GPS (Gervaise et al., 1985) with an error of F 4 mm for baselines from 3 to 13 km. For the monitoring of crustal deformations, Larson and Agnew (1991) or Peler et al. (1998) reach an accuracy of F 2 mm on 2 km-baselines. In the field of the environment, GPS was used: to follow the movements of spoil heaps or of quarry faces (Joass, 1993) ; to survey active volcanoes (Pingue et al., 1998; Mattioli et al., 1998; Sheperd et al., 1998) or major tectonic faults (Newmann et al., 1999) ; to monitor the flow and the behaviour of glaciers (Sjoberg et al., 2000) or snow thickness (Theakstone et al., 1999) . The technique also applies, with a sufficient accuracy, to the monitoring of man-made structures, such as dams (Brown et al., 1999; Hudnut and Behr, 1998) , bridges or viaducts.
For the monitoring of landslides, where the degree of accuracy required is millimetric, GPS has been used only for repeated measurements (Jackson et al., 1996; Hiura et al., 1996; Barbarella et al., 1998; Gili et al., 2000) as a complement to conventional geodetic methods. On the other hand, continuous monitoring of landslides with GPS is not usually performed operationally, mostly because of the cost of such a system compared to conventional deformation monitoring techniques. In addition, if GPS measurements can reach a millimetre-level of accuracy for long observation sessions (typically 24 h), their accuracy decreases with the duration of the observation sessions, because of errors introduced by variations of the satellite constellation and multipath effects at the sites (Genrich and Bock, 1992) . However, to analyse in detail landslide kinematics to model the evolution and the behaviour of these phenomena, especially if the monitoring is included in a near real-time warning system, it is necessary to obtain a precise 3-D position (millimetric) and a fine temporal resolution (hourly or infrahourly). Moreover, 1 mm-level accuracy requires sophisticated a posteriori data processing.
For all these reasons, the traditional methods of topometry (automated or not), which make it possible to reach precise details of a few millimetres on short baselines ( < 1 km) with fine temporal resolution (for instance, every 10 min at the La Clapière landslide; Follacci, 1999) , still remain very competitive in particularly favourable sites. On the other hand, it will be shown in this article that for very constraining sites (accessibility, long-term stability of the slopes around the landslide, visibility) GPS now seems the only solution to obtain point or continuous reliable measurements on several points of the unstable area.
3. A very constraining study site: the Super-Sauze earthflow (Alpes-de-Haute-Provence, France)
Historical and morphological context
The Super-Sauze earthflow (basin of Barcelonnette, Alpes-de-Haute-Provence, southeastern France) developed in a enclosed marly torrential basin (Callovo -Oxfordian black marls) gullied by badlands. It has an elevation between 2105 (crown) and 1740 m (toe of the flow) for a 25°slope, over a 17-ha area (Fig. 1a -c) . Falls of blocks and structural slides of large slabs occurred in the 1960s , and the flow developed through the 1970s burying a stream channel (Fig. 1) . This period marked the beginning of a generalised movement of the whole slope and the downstream progression (reconstituted by multidate photo-interpretation 1956 /1995 Weber and Herrmann, 2000) of the toe by more than 180 m since 1982 (Flageollet et al., 1998) . Geotechnical investigations, measurements of in-depth displacements by inclinometers (Flageollet et al., 2000) and geophysical prospecting (Schmutz et al., 1999) indicate that the flow buries an intact paleotopography (Flageollet et al., 2000) formed by a succession of parallel crests and gullies (Figs. 1a and 6 ). This paleotopography plays an essential role in the behaviour of the flow by delimiting preferential water and material pathways and compartments with different kinematic, mechanical and hydrodynamical characteristics (Fig. 7b) . The flow is structured in two vertical units (Fig. 7c ) composed of weathered marly blocks, which divide downstream into smaller clasts and progressively feed the flow with fine-textured material (Klotz, 1999 ) of a clayey -marly matrix with clasts of all sizes, which corresponds to debris-flow deposits.
The surveying network
In order to determine the flow dynamics and to validate propagation models, a survey network was built up. The first point measurements of the surficial displacement were carried out by topometry in 1991, in order to follow the withdrawal of the main scarp and the downstream progression of the flow (Weber, 2001) . Since 1996, after modifications and additions, the network consists of about 70 targets distributed in five cross-sections (Fig. 1b) . The hydroclimatic conditions which control the behaviour of the moving mass are continuously recorded by a water balance station, piezometers, raingauges and a meteorological station located at 1.4 km from the flow. The surficial velocity reaches, according to the location, a few centimetres to a few meters per year (Flageollet et al., 2000) . If 8 -10 topometric surveys are carried out each year between May and November (the flow is covered by snow during the winter), it quickly appeared essential to have continuous displacement measurements to define the complex relationship between these various parameters, and in particular, to check the influence of abrupt groundwater table (GWT) increase on the flow behaviour. With this intention (since June 1999), displacements are monitored continuously in the most active part of the flow (B cross-section) by a long base wire-extensometer (Angeli et al., 2000) . Lastly, considering the variable velocity of the flow and that it was not possible to install an automated geodetic station to follow many targets or to install several extensometers (see Section 4.2), we installed several GPS antennas over a maximum continuous period of 20 days. The results from all of these devices will now be presented and analysed, while detailing the reasons for the choices on the basis of permanent and seasonal constraints. 
. Principles, methodology and precautions
The establishment of the network has taken into account the experience gained over several years by various authors on many monitored sites for periodic surveys (Miserez, 1984; EPFL, 1985a; Bromhead et al., 1988; Varnes et al., 1996; Van Beurden, 1997) or for continuous survey with an automated geodetic station (Follacci, 1999; Rochet, 1992) . Four essential aspects must be borne in mind when designing a surveying network: the degree of accuracy required, the geomorphodynamic characteristics of the moving mass, the various site constraints and, lastly, the resources available for the operation. Topometry consists in determining the 3-D position of a point in space from angle and distance measurements made by optical sightings using a theodolite and an EDM. The most modern equipment can determine horizontal and vertical angles to within a decimilligrade (a displacement of 1.57 mm for a 100-m distant point) and oblique distance within a millimetre (standard deviation 3 -4 mm + 1 ppm with atmospheric corrections). Theoretically, the accuracy obtained is better than 5 mm after taking into account certain precautions (quality of the theodolite position in the three dimensions, assessing the error of eccentricity by systematic double reversal procedures, calculating the atmospheric correction factor, avoidance of parallax errors by making two or three pointings, closing a round of angles, etc.; EPFL, 1985a; Maquaire and Levoy, 1987) .
Laying out a survey network operational for several years, and in particular locating the ''fixed'' monitoring stations, leads to anticipating: the potential changes the site will undergo in the future (man-made works, vegetation growth, earth movements, etc.), the potential extension of the landslide, the long-term stability of the slope where the observation sites are located. Concrete pillars with centering plates guarantee an increased accuracy in three dimensions by preventing any errors of eccentricity during a survey lasting several hours and by facilitating the vertical positioning and the horizontal trimming of the apparatus. If the site allows good visibility of all the targets and if the measured distances are lower than 1.5 km, the suitable method of calculation is triangulateration (Ashkenazi, 1973) , which permits, with at least two survey stations, to define an ellipse of errors on the positioning of a point-the most probable position (known as the ''corrected'' point) is then calculated by compensation.
Intrinsic accuracy of the Super-Sauze network
The network was surveyed from two concrete fixed pillars, PIL1 and PIL2, with centering plates, located on a narrow slope facing the earthflow, the only ''stable'' place in the catchment (Fig. 2a,b) . This topographic constraint forced us to locate the two survey stations close to one another (only 70 m). This partly reduces the advantage of triangulateration because of a very poor intersection angle between the pointings made from the two pillars. The orientation of the horizontal circle was done by sighting a relay pylon at an altitude of 2150 m about 1.5 km from the survey stations. The pointing is carried out on a reflector mounted on a pole successively moved on each target localised in the field by discrete wooden or metallic stakes. The maximum measured distances reach 1 km for a maximum difference in level of 300 m. The accuracy for the targets located in the upper part of the flow and on the crown at 900 m reaches F 1.3 cm in planimetry and F 2.7 cm in altimetry ( Fig. 2c ; Flageollet et al., 1998) . Accuracy increases for the targets located in the lower part of the flow as the distance to the observation pillars decreases. Since the end of 1997, because of the proven instability of the pillar PIL1, the network is only surveyed from site PIL2. However, it now appears that since 1999 (with the GPS measurements carried out), the stability of this latter pillar is no longer completely assured. This major constraint encouraged us to quickly find and adapt another reliable and perennial monitoring network.
The measurement of the surficial displacements by extensometry

Principle of extensometry
To measure continuous deformation of a geophysical object, a simple method consists of connecting one or more ''moving'' points to some ''fixed'' reference points, and to record the variations of these connections through time (EPFL, 1985b; Engel, 1986; Angeli et al., 2000) . Adapted to natural phenomena, the method consists of connecting by a wire two points from the unstable slope. The measured deformations which correspond to the unreeling of the wire are absolute or relative, according to whether only one or the two points of the device move.
This principle was applied in the 1930s to the study of movements along tectonic faults or to the survey of the creep of glaciers (Röthlisberger and Aellen, 1970) . It was only in the 1980s that this technique was applied to landslides, with an accuracy not exceeding 2 -3 cm (Schlemmer, 1982; Brunsden and Prior, 1984; Sassa, 1984) , then less than 1 cm (Engel, 1986; Angeli et al., 1995) . The first devices used a revolving cylinder for the recording with all the inherent problems (pen, paper unfolding and examination). The modern systems (potentiometric wheel connected to a datalogger) make it possible to be freed from this type of error and offer a greater degree of accuracy.
Equipment and intrinsic precision of the extensometric device
The device consists of a ''fixed'' site and a ''moving'' site (Fig. 2d,e) . The former is anchored on the only stable area of the flow, an in situ marly crest emerging from the flow, the stability of which has been measured and checked since 1996. The sensor has been assembled on a metal frame adjustable in height anchored deeply in the in situ marl by a concrete block (Fig. 2e,f ) . The detection of movement includes a potentiometric wheel, which measures the unreeling of the wire, a guiding pulley, which allows the perfect alignment of the wire between the sensor, and the ''moving'' point (Fig. 2h) . The wire is in invar (i.e. low thermal expansion). The tension of the wire is held up by a system of brakes integrated into the potentiometric device. The unreeling of the wire, the air temperature and the rainfall were recorded by a datalogger (Campbell CR10X) every 6 min. The ''moving'' site is a metal stake drilled 2 m into the flowing marly material. The unrolled length (18 -20 m) generates a rise of about 15 cm under the weight of the wire.
The precision of the device is proportional to the unrolled length of the wire, taking into account the effects of the wind, which cause the wire to vibrate, the possible formation of ice on the wire, the thermal dilation of the wire (very reduced in our case by the use of an invar wire), the fortuitous passage of game, etc. The effect of the wind was mitigated, on the one hand, by installing the cable as near as possible to the ground, and on the other hand, during the postprocessing of the ''signal'' by smoothing the data with a moving average filter. As shown in Fig. 2g , the effect of the wind is insignificant if the velocity is important.
Check measurements are regularly taken (topometry, measurements of the wire's length and of the wire's rise). The displacement vectors are calculated by taking account of the slope and the rise of the wire, which varies progressively during the unreeling. After calibration of the system in the laboratory, taking into account the rise, comparison of the ''calculated'' displace-ments to those measured by topometry, the ''field'' accuracy reaches F 3 mm when the velocity of the flowing material is higher than 2 cm/day and F 13 mm when the velocity falls under 0.5 cm/day (Fig. 2g) .
The Global Positioning System
Principle of the positioning
We present here only the basic principles necessary for the comprehension of the GPS operating mode. The bases of the GPS technique (principle, applicability, procedures of measurements, equipment, accuracy) are described by several authors (Leick, 1995; Herring, 1996; Hofmann-Wellenhof et al., 1997) . The GPS is a radionavigation, timing and positioning system based on a constellation of 26 satellites in orbit around the earth at altitudes of approximately 20 000 km. These satellites emit continuous electromagnetic waves coded on two frequencies (L1 = 1.2 GHz and L2 = 1.5 GHz). If the positions of the satellites on their orbits are precisely known and if the antenna collects at least four satellites, the receiver can solve by trilateration the three unknown factors defining its position.
The accuracy of the positioning will depend, on the one hand, on the quantity of information that a receiver is able to decode (code and phase measurements, mono-or dual-frequency receiver); and on the other hand, on the strategy used to calculate the position (Hofmann-Wellenhof et al., 1997) . Indeed, a precise positioning requires a very precise measurement of time. As a consequence, a few millimetres accuracy positioning is only possible in slightly differed time, by processing the data a posteriori by complex algorithms, taking into account all potential errors.
Let us quote in particular the influence of the ionosphere and troposphere which slow down the propagation of the GPS signal or the precise knowledge of the satellites' orbits (Dixon, 1991) . Moreover, it is necessary to be situated in relation to one or more ''fixed'' stations (base) located on a point whose position is well known. This differential mode of acquisition (DGPS) makes it possible to be freed from certain systematic errors (atmospheric delays, precision of the orbits, ephemerides, selective availability) which will be identical for all the antennas.
Lastly, the use of adapted antennas and their installation on open sites must limit the multipath effects, additional errors introduced in the resolution of the equations (Gili et al., 2000) .
Methodology and equipment
The GPS data were acquired using six dual-frequency Ashtech Z-XII receivers equipped with Choke-Ring antennas limiting the multipaths during two campaigns, from May 7 to 23, 1999 and from October 9 to 15, 1999. In May 1999, two reference stations were installed outside the flow: MLZE on the roof of a small building of the Super-Sauze ski station and PIL2 on the tacheometric pillar PIL2 (Figs. 1a and 2b,k). Four ''moving'' stations were distributed on the flow in areas with a different kinematic behaviour (COU1 to COU4; Figs. 1a and 2i -k). GPS antennas were installed on a PVC tube drilled 1.5 m in the flowing material (Fig. 2j) . In October 1999, only two receivers were used. A reference site was installed outside the flow on a site occupied in May (MLZE), another on the flow in the vicinity of site COU4.
The maximum length of the baselines reaches 1.4 km, the maximal difference in level is 200 m. The GPS data were sampled at 30-s intervals with a 10°c ut-off angle and a minimum of one satellite visible. The receivers were supplied by solar panels. The lack of insolation during the first half of the May 1999 campaign caused several breaks in the recordings. Moreover, several topometric checks were undertaken in parallel during the two campaigns. GPS code and phase measurements were processed in static mode with the GAMIT software (King and Bock, 1995) . First, the precise coordinates of the bases (MLZE and PIL2) were calculated in the ITRF96 geodetic reference network. On a second occasion, the network formed by the base and the ''moving'' stations was calculated by fixing the positions of the two reference stations outside the flow. Calculations were carried out by using the precise orbits of the International Global Positioning System Service for Geodynamics (IGS) and by taking account of the models of variation of the phase center of the antennas recommended by the IGS. Given the very short distance between the stations, the calculations were carried out on the L1 frequency only (less noisy than L2), without estimating tropospheric parameters, and 95% of the phase ambiguities were solved.
The final result is one baseline vector (north -south component (NS) = X; east -west component (EW) = Y; Z component = altitude) per observation session and couple of stations. Thereafter, the primary interest is in the baseline vectors connecting the reference station MLZE and the ''moving'' stations. Calculations were carried out for sessions of 24, 12, 6, 3 and 1 h, in order to determine the accuracy variation as a function of the session duration. Fig. 3 . Variation of the MLZE -PIL2 baseline for different calculations. N -S (a), E -W (b) and vertical (c) components, length variation (d) and repeatability on the components (e).
Measurements accuracy and optimal session duration
The component variations of the MLZE -PIL2 baseline (the two fixed stations) in May 1999 determine the real precision of the measurements. Fig. 3 shows the N -S (Fig. 3a) , E -W (Fig. 3b) and vertical (Fig. 3c) components and the length variation (Fig. 3d ) of this baseline, as a function of time, for sessions of 24-, 12-, 6-and 1-h durations. The two stations, 1.1 km apart, are located on open sites a priori free from multipath effects. The experimental accuracy is quantified by the quadratic weighted root mean square of the measurement scatter with respect to the weighted mean or repeatability (Dixon, 1991) . The short-term repeatability is defined with respect to the average of the measurements weighted by their standard deviations, where the measured quantity m i (which represents the N -S, E -W or vertical component) obey a law of the type m i = m 0 + e i , where e i is a random variable of null average and variance r i 2 . The long-term repeatability is defined with respect to a statistical model integrating a temporal evolution at a constant velocity (a) of the type m i = m 0 + at i + e i . In both cases, the variances r i 2 were obtained by propagating the a priori variances on the observations in the GPS data inversion process. Fig. 3a -d clearly shows that the scatter increases when the session duration decreases. Fig. 3e shows the evolution of the accuracy in the three dimensions as a function of the session duration. For a baseline of 1.1-km and 1-h sessions, the short-term repeatability reaches 2.7, 2.2 and 5.0 mm, respectively, for the N -S, E -W and vertical components (Fig. 2l) . These results are consistent with the values obtained by Genrich and Bock (1992) and Pragnère (1996) . Long-term repeatability reaches 2.5, 2.4 and 4.8 mm, respectively, for the same components. The maximum measurement scatter reaches (respectively for 24, 12, 6 and 1 h sessions) 3, 5, 6 and 8 mm on the N -S component, 3, 6, 6 and 9 mm on E -W component and 5, 5, 10 and 17 mm on the vertical component. A variance analysis enabled us to estimate the variance of all the measurements sessions, with the assumption that the scatters calculated over 3 weeks of measurements are good estimators of the scatter of all the measurements population. For 1-h sessions, the 95% confidence interval of the variance is 6-8.5 mm for the N -S and E -W components and 14.5 -19.5 mm for the vertical component. For 24-h sessions, the 95% interval confidence of the variance is 1.5-3.5 mm for the N -S component, 2 -3.5 mm for the E -W component and 4 -6 mm for the vertical component.
These values give the detectability threshold for a significant motion and a given temporal resolution: between 3.5 mm/24 h and 8.5 mm/h in planimetry, between 6 mm/24 h and 19.5 mm/h in altimetry. The GPS is thus adapted to the measurement of low dynamic deformations. The measurement scatter observed, in particular for short sessions (high frequency noise), results from the variations of the satellite constellation and the multipath effects (Genrich and Bock, 1992; Galisson, 1998) . Fig. 3b,d show, moreover, a length reduction of the baseline MLZE -PIL2, small but clearly identifiable, about 5 mm in 17 days. These variations are probably related to the instability of the slope where pillar PIL2 was established. This is why, subsequently, GPS displacements will only be analysed by the variations of the baselines connecting MLZE to the ''moving'' sites. Nevertheless, the movement of PIL2 is lower than the topometric measurement accuracy and the validation of the GPS measurements by topometry is efficient. Fig. 4 shows the temporal evolution of the displacements of GPS ''moving'' sites COU1, COU2, COU3 and COU4. The general movement of the flow is clearly detected by the GPS measurements. The cumulated displacements (Fig. 4c,e) obtained in 17 days of continuous measurements vary between 0.15 (planimetry) and À 0.01 m (altimetry) at site COU1 and between 2.04 (planimetry) and À 0.75 m (altimetry) at site COU4. These displacements correspond to an average velocity of 0.9 mm/day at site COU1 and 12 cm/day at site COU4 (Fig. 4d) . The white points in Fig. 4c ,e show the results of the topometry measurements on targets located in the vicinity of the GPS sites. The displacements determined by GPS are conformable with those measured by topometry. The average variation is 0.8 cm for an intrinsic accuracy of the topometric measurements defined in Fig. 2c . Fig. 5 shows the temporal evolution of the displacements of the extensometric ''moving'' site, between June 1999 (installation of the device) and November 1999 (removal of the device before snowfalls). The 3-D displacements reach 1.10 m with a succession of deceleration and acceleration periods related to the position of the GWT in relation to the rainfall. The velocity varies between < 1 and 9 cm/ day in period of high GWT. The displacements measured by the unreeling of the wire coincide with the topometric control measurement; the average variation on the calculation of the displacement vectors is F 1.1 cm. Fig. 6 shows a zoom over the period of October 9 -15, 1999 (period of displacements lower than 1 cm/day) where we have GPS, extensometric and topometric measurements of the same ''moving'' point. In 7 days, the GPS displacements (which result in the shortening of the baseline MLZE-COU4) reach 1.2 cm, the displacements measured by extensometry, 1.1 cm, the displacements measured by topometry, 0.95 cm. The slight variation of velocity (October 12, 1999) following an effective rain (net rainfall minus potential evapotranspiration according to the Penmann formula) of 10 mm is significantly and simultaneously detected by the GPS and extensometric measurements. Thus, even for such velocity (0.2 cm/day), GPS detects, with an hourly temporal resolution, a significant movement in accordance with the classic surveying measurements. This velocity defines the lower movement detection limit by GPS and the extensometric device.
Analysis and interpretation of the results
GPS/extensometry/topometry validation
Spatialization of the displacements
The periodical topometric measurements, between July 1996 and November 1999, make it possible to quantify the amplitude and the velocity of the displacements and to highlight the partitioning of the flow in close connection to the paleotopography of crests and gullies (Flageollet et al., 2000) . The general direction of the displacements is facing N-10°on the cross- sections A, B, C and E and N-340°on the transect D and on the toe of the flow (Fig. 7a) . It corresponds to the line of greatest slope and to the preferential axis of flow in the buried gullies. It thus underlines the layout of the flow. The targets located on the buried in situ crests are stable. One notices a reduction of the velocity downstream and from the axis to the flanks of the flow. The maximal observed displacements, between July 1996 and November 1999, reach (in planimetry) 24 m on the B cross-section, 19 m on the A cross-section, 11 m on the C cross-section, 5 m on the D cross-section and 3 m on the E cross-section (Fig. 8c) , and range in altimetry (Fig. 8e) between À 9.5 (B) and À 0.15 m (E). The partitioning of the flow by the paleotopography appears as morphological evidence, in particular, among the A, B and C crosssections (Fig. 7b) , and in the axis of the flow (Flageollet et al., 2000) where the displacements are maximal. Water from the rainfall is channelled from the upper shelf under the A cross-section (limit of the depletion zone; Dikau et al., 1996) , between two principal buried gullies (Fig. 7c) : in the central compartment, the recorded maximal average velocities are higher than 3 cm/day, whereas they are lower than 0.25 cm/day in the western compartment drained laterally by the stream. Downstream of the C cross-section, the displacements decrease mainly because of the drainage by the intraflowing gully incised about 4-5 m.
6.3. Long-term temporal dynamic of the flow Fig. 8 shows the cumulated planimetric (Fig. 8c) and altimetric (Fig. 8e ) displacements and the mean average velocity (Fig. 8d ) of the ''fastest'' targets for each cross-section in relation to hydroclimatic parameters (net and effective daily precipitation, index of antecedent effective precipitation, Fig. 8a ; decade hydrologic net balance and pore water pressures-PWP-on the E cross-section, Fig. 8b ) for the hydrologic years 1996-1997, 1997-1998 and 1998 -1999 . These curves enable us to establish the rainfall -GWT fluctuation -displacement relationships on an annual scale, and make it possible to identify the seasonal variations of the flow. Generally, the piezometric level variations are correlated with rainfall (Fig. 8b) . The correlation is even more evident with the effective rainfall. The analysis of the piezometric behaviour shows a great amplitude of PWP variations (up to 20 kPa) with sudden recharge following to the snowmelt in spring or to unfavourable climatic periods (cumulated effective rainfall threshold of about 50-60 mm) in autumn. One notes the briefness of the episodes of high groundwater levels and a maximum PWP not exceeding 35 kPa for piezometers located at À 4 m below the ground surface (GS). Slow and progressive drainage takes place from June to September and during winter when snow covers the flow. The water level becomes lower each year, particularly during the hydrological year 1998 -1999 when the hydrologic balance was in deficit (annual net rainfall less by 25% than the normal).
The long-term displacements in amplitude are directly controlled by the hydrological history of the site because the velocity peaks are localised in spring during the snowmelt (Fig. 8d) , recharge events that is now necessary to analyse in detail.
Short-term and seasonal dynamic of the flow
The rainfall -GWT -displacements relationship can now be approached on the finer scale of rain events according to the continuous GPS and extensometric measurements. The comparison between the displacements measured by GPS on sites COU1 to COU4 in May 1999 (Fig. 4c) confirms the kinematics of the flow identified by the topometric survey. For this period, the GWT is in a high position (average position, respectively, on the B, C, and E crosssections at À 0.24, À 0.45 and À 0.85 m/GS). By comparing the effective rainfall to the groundwater level fluctuations (Fig. 4a,b) , one notes that certain rain events correspond a nonsimultaneous increase of the water level in all points of the flow. This ''dephasing'' is explained by the fact that the first rainfalls contribute to the melting of the snow, which still covers the flow on the B and C cross-sections at the beginning of the month. The simultaneous water level increase of May 11, 1999 corresponds to a period of strong insolation having accentuated the snowmelt.
On the B and C cross-sections, velocities are higher with velocity peaks which correspond to peaks of PWPs (Fig. 4b,d) . GPS measurements highlight an identical behaviour of the whole ''moving'' points, namely that the velocities can be high (higher than 10 cm/day) as soon as the GWT is located near À 0.30 m/ GS. PWP variations between the upper part and the lower part of the flow partly control the velocity variations. Thus, on the B and C cross-sections, where the GWT is constantly fed by the snowmelt of the upper areas of the flow, the velocities vary between 6 and 20 cm/day, whereas they do not exceed 2 cm/day on the E cross-section. The role of the PWPs is reinforced by the longitudinal slope (20°for site COU4, 15°for site COU2, 10°for site COU3 and 2°f or site COU1), which accentuates the velocity differences under the action of gravity. The significant displacement differences between COU3 and COU4, separated by only about 30 m, is explained by a GWT For site COU4 (Fig. 4d) , the average velocity reaches12 cm/day in May 1999 and only 0.2 cm/day in October 1999 (dry period; Fig. 6 ). This seasonal rhythm is directly due to GWT fluctuations in low position October (average position À 2.10 m below GS). For the greatest period of observation provided by the extensometric measurements (between June and November 1999), it is similar (Fig. 5) : velocities fall from 2 cm/day at the end of spring to less than 1 cm/day during summer and autumn, in direct relationship to the drainage of the water table.
Effective rainfall of about 10 mm is enough during the general drainage and decreasing velocity period to produce a small piezometric level increase and a consequent acceleration. It is important to note that despite the significant drainage during summer, velocities do not cease and the material continues to flow solely under the influence of gravity.
The high cumulated rainfalls and snowfalls of October 1999 control the very fast recharge of the GWT, which reaches its level of spring in 5 days (Fig.  9a) and involves a sudden acceleration of the movements (Fig. 9b) . If the accumulation continues, displacements increase and accelerate to a velocity peak quasi-simultaneous to the PWP peak. It is noted that those are not maintained at their highest values and drainage takes place more slowly than recharge, whereas the velocity decreases very quickly.
Continuous measurements appear here, and maybe more than elsewhere, essential to understand the dynamics of the flow and to fix PWP thresholds values. A sudden GWT loading involves acceleration of the flow. These are initiated (Fig. 9c ) as soon as the water level ranges between À 0.50 and À 0.40 m below the ground surface (i.e. 35 kPa at À 4 m). In the same way, the velocity decreases gradually as soon as the level reduces to À 0.80 m below the topographic surface (i.e. 32 kPa at À 4 m). The relationship between PWP and velocity can be easily modelled by a hyperbolic regression with a determination coefficient of 0.92. The scatterplot is limited by an ''envelope'' curve delimiting PWP triggering thresholds on the acceleration of the movements.
For PWP highest to 35 kPa, accelerations occur with a velocity higher than 2 -3 cm/day-the reached amplitude is thus a function of the interval of time where the water level remains above this threshold.
Discussion on GPS measurements: processing strategies and monitoring precautions
The GPS technique, as demonstrated, adapts perfectly to the periodic or continuous monitoring of geophysical entities (volcanoes, glaciers, landslides) subject to some precautions, with a very good temporal resolution (hourly or even less if the movement is significantly fast), and can highlight transient phenomena not detectable (or with considerable difficulty) by traditional monitoring techniques. Thus, the detailed analysis of the time series MLZE -COU4 in October 1999 shows a particular behaviour (Fig. 10) . Sessions of 1, 3 and 6 h indicate a periodic variation of 1 cm amplitude during the first 3 days of measurements. The fourth day is marked by a jump in the time series, particularly clear on the vertical component, followed by stabilisation of the movement the fifth and sixth days. The variations of the average hourly air temperature at the Super-Sauze weather station are clearly correlated with the displacements, with a dephasing of approximately 2 h. The fact that all of the sessions (1, 3 and 6 h) show this same behaviour (smoothed by the sessions of 12 and 24 h), the periodical character of these variations, their orders of magnitude higher than the precision of the GPS measurements (1.9 mm in planimetry, 3.5 mm in altimetry; Fig. 3e ) and their correlation with the air temperature variations argue in favour of a geophysical phenomenon (hydrothermal dilation? influence of the solar radiation?) and not of a bias in the GPS measurements. Nevertheless, this phenomenon had not been observed in May 1999, for identical daily thermal amplitudes (6°C). The continuous survey by GPS highlights these ''transient'' phenomena. The latter can be determined in the forecast of the long-term movements, whereas they could be unnoticed with discrete measurements.
The interest of GPS lies in the possibility of continuous 3-D measurements of the displacements, with a millimetre-level accuracy and hourly resolution. Today, it is easy to find a GPS data acquisition device (receiver, antenna) for an equivalent price, maybe lower, to that of an automated geodetic station. For short baselines, the use of monofrequency receivers (less expensive) is sufficient to guarantee an infracentimetric accuracy. The cost/gain ratio for GPS monitoring is interesting for the survey of large features or the survey of entities where the morphological configuration is not adapted to optical measurements (intervisibility). Indeed, compared to the latter, GPS makes it possible to be freed from the need of one (or several) stable site facing the landslides, as the GPS survey does not require a direct line of sight between the measurement sites. The ''fixed'' reference site can, for instance, be located in a neighbouring valley. Moreover, GPS measurements can be undertaken in any type of weather (rain, snow, fog, strong sun) and at night. The GPS offers a more homogeneous precision in the three dimensions than optical techniques. Last, but not least, the postprocessing of the code and phase data can be automated by computer scripts and thus carried out by an nonspecialist user.
If compared to the ''traditional'' monitoring techniques, GPS offers many advantages; nevertheless, it remains subjected to a lot of constraints common to all geodetic methods. It is necessary, for example: (i) to find a very good and long-term stable area to install the ''fixed'' survey points around the moving mass; these ''nonmoving'' points will be used as reference points for the quality check of the measurements; (ii) to install targets which are sufficiently anchored (minimum of 1 m) to translate the movement of a representative 1-m depth section of ground and not only of the surficial movements; (iii) that targets (in the case of tacheometry) or antennas (in the case of GPS) must be installed vertically as near as possible to the ground surface, 10 cm approximately, in order to limit the effects of the wind (oscillation). A constraint specific to GPS measurements lies in the obligation to ensure, for each site, a good sky visibility in all the directions (no masking by topography or forest) in order to permanently receive the signals emitted by at least four satellites. Let us add that, in the case of a continuous survey, to guarantee millimetre-level accuracy, the following precautions must be taken: the baseline must be less than 5 km and the GPS sites must be located at more or less the same altitude to minimise the potential errors due to different tropospheric delays.
Within the framework of a warning system, the advantage of the GPS technique over the traditional methods is also established in terms of productivity and precision. The mode of acquisition of the data and the possibility of sending them to a processing and decision center in quasi-real time makes it possible to optimise the device response time/forecast ratio. Moreover, GPS enables us to have, in a permanent way, upgraded day-to-day information directly ''understandable'' by the responsible authorities. Finally, GPS appears, subject to having a power supply or batteries effectively reloaded by solar panels, less consuming in term of maintenance than an extensometric device or an automated geodetic station. GPS measurements appear very easily adaptable to any type of geophysical entity.
Conclusion
The use of GPS on the Super-Sauze earthflow is a first attempt at the continuous measurements of the displacements of a landslide over a long period. These results could not have been obtained simultaneously in several points of the flow, easily and effectively, by the other traditional monitoring methods because of the very specific constraints of the site. In addition to those obtained before, these results have made it possible to quantify the 3-D kinematics of the flow and to highlight the rhythms of behaviour.
These first experiments were carried out on a number of points limited by the number of GPS receivers available and the heavy logistics of their maintenance: GPS receivers used during this study were not completely optimised for this kind of application because of their significant consumption of energy and their relative low memory size. But these two points are now partly solved by the manufacturers. The results obtained are relevant to the traditional geodetic measurements. The study shows that it is possible, even for short sessions (1 h), to obtain an accuracy of a few millimetres on short baselines ( < 1 km), better than those obtained by tacheometry or extensometry. Moreover, the results show that GPS makes it possible to continuously follow the dynamics of geophysical entities with weak and slow displacements ( $ 5 mm/day).
For the survey of landslides, GPS offers the advantage of delivering a three-dimensional positioning with an infracentimetric accuracy for 1-h sessions. This technique does not require a direct line of sight between the sites located on the moving mass and the reference sites. With a communication device to send data to a processing center, the same accuracy as that obtained here can be obtained in real-time, and the GPS can form part of a warning system. The use of GPS for this type of application is, however, limited by the environmental characteristics of the site (relief, vegetation), which can constitute potential masks limiting the sky visibility or create multipaths. In this case, the accuracy of the measurements is degraded more quickly when the duration of the sessions decreases (Galisson, 1998) . The cost of the device and its maintenance are still obstacles at the present time for a routine application. However, the rapid technical progress combined with a diminution of the costs will facilitate their application in the long term.
